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Abstract 


The cell potential is the measure of the potential difference between two half cells in an 
electrochemical cell. The potential difference is caused by the ability of electrons to flow from one 


half cell to the other cell. In this article, we derive the cell potential by a direct application of the 


chemical thermodynamics. In this derivation, law of mass action, the chemical thermodynamics, and 


the electrochemistry concepts play central roles. 











Josiah Willard Gibbs was an American scientist who made significant theoretical contributions to 
physics, chemistry, and mathematics. His work on the applications of thermodynamics was 


instrumental in transforming physical chemistry into a rigorous inductive science. 





Considering a reversible reaction such as: 


A+B ~— C+D 


The change in free energy is given by the equation: 


AG = AG°+RTInQ 





where R is the gas constant (8.314 ——), T is the temperature in Kelvin scale, In represents a 


logarithm to the base e, AG° is the Gibbs free energy change when all the reactants and products 


are in their standard state and Q is the reaction quotient or reaction function at any given time (Q 





= ). We may resort to thermodynamics and write for AG®: 


where Keg is the equilibrium constant for the reaction. If Keg is greater than 1, InKeg is positive, 
AG° is negative; so the forward reaction is favored. If Keg is less than 1, InKeg is negative, 


AG? is positive; so the backward reaction is favored. It can be shown that: 
AG = — RT InKeg + RT InQ 


The dependence of the reaction rate on the concentrations of reacting substances is given by the 
Law of Mass Action. This law states that the rate of a chemical reaction is directly proportional 
to the product of the molar concentrations of the reactants at any constant temperature at any 


given time. Applying the law of mass action to the forward reaction: 
v1 = ki [A] [B] 


where k; is the rate constant of the forward reaction. Applying the law of mass action to the 


backward reaction: 


v2 = kz [C] [D] 


. : U1, 
where kz is the rate constant of the backward reaction. Further, the ratio — yields: 
v2 


Vv, ky 
vz Qk2 


But 


"Equilibrium constant is the ratio of the rate constant of the forward reaction to the rate constant 


of the backward reaction" 


and, consequently, 


At equilibrium v1 = v2, hence Q = Keg. On taking natural logarithms of the above equation we 


get: 


ai 
oe) 
On multiplying by -RT on both sides, we obtain, 


Vv 
-RT In ( > ) =-RT InK., + RT InQ 
2 


Comparing Equations: 


v 
and —RT In ( > ) =-RT InKeg + RT InQ, the Gibbs free energy change is seen to be: 
2 


ae va 
AG =-RT In( = ) 
2 





oe V4. V1... ay : : 
If the forward reaction is favored, — is greater than 1, In ( = ) is positive; so the AG is negative. 
V2 2 


2618 V4. V4... : . ie 
If the backward reaction is favored, — is less than 1, In CS ) is negative; so the AG is positive. 
V2 2 


At equilibrium v; = v2, hence AG = 0. 





In galvanic cells, chemical energy is converted into electrical energy, which can do work. The 
electrical work is the product of the charge transferred multiplied by the potential difference 


(voltage): 


Electrical work = volts x charge in coulombs 


The charge on | mole of electrons is given by Faraday's constant (F): 


F=Nae 


where: Na = Avogadro's number, number of units in one mole of any substance (defined as its 





1 
molecular weight in grams), equal to 6.022140857 x 107° aa 
Total charge = (Number of electrons) x e 
N 
Q=—x(Nae)=nF 
Na 


The measured cell potential is the maximum potential the cell can produce and is related to the 


electrical work (Weie) by: 


—Welec 


Eee! = 
11 nF 


The negative sign for the work indicates that the electrical work is done by the system (the 
galvanic cell) on the surroundings. The free energy is defined as the energy that is available to do 
work. In particular, the change in free energy is defined in terms of the maximum work (Wyax), 


which, for electrochemical systems, is Weie. 
AG = Winax = Wele 
AG =—-nF Eecell 


This provides a way to relate cell potential to rate of forward and backward reaction, since 


AG =-RT In (=) 
2 


— nF Eco =—RT In (<1 ) 
2 





RT V1 
Ecell = nF In ( D> ) 





V1. Vv : des a As be V1. 
If _ is greater than 1, In . ) is positive; so the cell potential is positive. If " is less than 1, In 
2 2 2 


(> ) is negative; so the cell potential is negative. At equilibrium v; = v2, hence the electrode 
2 
potential is zero. 


RT 8.314 x 298 
At 298 K, — =... = 0.02567 
F 96,500 


Hence, 





0.02567. v, 
Ecell = ——— In (— ) at 298 K 
n V2 




















Walther Hermann Nernst was a German chemist known for his work in thermodynamics, 
physical chemistry, electrochemistry, and solid state physics. His formulation of the Nernst heat 
theorem helped pave the way for the third law of thermodynamics, for which he won the 1920 
Nobel Prize in Chemistry. 








Thermal voltage: 





kpT RT 


"~e@  F 











At room temperature (25 °C), the thermal voltage is approximately 25.693 mV. 





Vr, V1 
Eeei! = — In ( 27-4) 





Total charge = (Number of electrons) x e 


dQ. dN 
ae eS ee he 
dt dt 


Electrical power = work done per unit time = rate of flow of electrons x kgT 





The increase in rest mass of a battery when it is taken from being fully depleted to being fully 

















charged is given by: 
—QV_ NV 
a, ie a 
Since: 
I dN 
=—x 
dt ~° 
Therefore: 
dN ox 
dt Amc2 ak. 





Electrical power 
Rate of flow of electrons = 


ee IN 
Increase in rest mass energy of battery 











e AG=— NF Ec 

Vy 

e AG=-RTIn(—) 

v2 
Vy 
v2 
Since: F =—: 
VT 


= rca Lal 











Michael Faraday was an English scientist who contributed to the study of electromagnetism 
and electrochemistry. His main discoveries include the principles underlying electromagnetic 


induction, diamagnetism and electrolysis. 
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